We examine leakage and aliasing problems in a seasonal multiple linear regression model of data taken during the NORPAX Hawaii-to-Tahiti Shuttle Experiment. The model includes a mean, trend, annual harmonic, and semiannual harmonic. Inclusion of the trend can exacerbate leakage, particularly for record lengths of 13 months or less. This is not a major problem for the 15-month shuttle record. The irregularity of the shuttle shipboard time series reduces the potential aliasing of single unresolved high frequencies. Confidence limits for regression model coefficients are determined empirically from Monte Carlo subsampling experiments on moored current meter and sea level data taken during the shuttle. These limits are generally narrower than the standard regression error estimates because there is lack of fit in the regression model. Confidence limits used here pertain only to the determination of model coefficients for a given data set; they say nothing about whether the annual cycle during the shuttle period is typical of any other time interval. The shuttle sampling at each of three longitudes (150 ø , 153 ø , and 158øW) was in general not adequate to reveal significant differences in low-frequency signals from one longitude to another. If data from the three longitudes are analyzed together without regard for longitude, the multiple linear regression parameters for temperature and zonal velocity component are fairly well determined. The meridional velocity component is so dominated by higher-frequency variability that the model parameters do not differ significantly from zero.
INTRODUCTION
The NORPAX Hawaii-to-Tahiti Shuttle Experiment was a study of currents and hydrography in the central equatorial Pacific during one seasonal cycle [Wyrtki et al., 1981] . Measurements were made on 15 cruises at roughly monthly intervals. The central purpose of this experiment was to observe one realization of the seasonal cycle and to accurately determine the mean during that cycle. In this paper we quantify how well that was accomplished. We were motivated by the need for reliable confidence limits for multiple linear regression (MLR) parameters calculated from the shuttle data Firing, 1984, 1985 In this paper we analyze the sampling in the shuttle experiment. The shuttle data sets are described in section 2. Leakage and aliasing in the MLR model are considered in section 3. Monte Carlo experiments are used in section 4 to determine error bars for the seasonal model parameters and to explore sampling requirements. The experimental results are related to MLR theory in section 5, and conclusions are summarized in section 6.
DATA
The data used in this study were obtained during the NORPAX Hawaii-to-Tahiti Shuttle Experiment [Wyrtki et al., 1981] . The observations included shipboard hydrographic and current profile measurements, moored current meter and wind records, and island sea level data. 
Shipboard Measurements

Moorings
A moored current meter (MCM) array was maintained near the equator, 153øW, from April 24, 1979, to June 2, 1980 [Knox and Halpern, 1982] . Hourly means of temperature, water velocity, and wind stress (calculated from buoy wind velocity measurements) were kindly provided by David Halpern. In this study we use records of temperature and velocity from 15-m depth at 0ø40'N, 100 m at 0ø40'S, and 250 m on the equator. We use the wind record from the buoy at 0ø40'S. All of these records are continuous with the exception of two 1-week gaps during which the moorings were being replaced and an additional loss of velocity data from the 100-m record for two weeks at the end of the second deployment.
Island Measurements
Low-pass filtered daily mean sea level measurements from tide gauges at Fanning (4øN, 159ø20'W) and Christmas (2øN, 157ø30'W) islands were generously provided by Klaus Wyrtki. Daily mean subsurface pressure-temperature records from 5-to 10-m depth at Jarvis (0ø23'S, 160øW) and Malden (4øS, 155øW) islands were also used. 300 m, calculated from XBT data taken near the island and using a mean temperature-salinity relationship. He found 3.2 cm rms deviation from the regression between the two, similar to the typical variation found in either type of data over a period of a few days. On seasonal and longer time scales the two records appeared well correlated. The data were inadequate for calculation of coherence, but inspection of the plots suggested to Wyrtki [1980] that the minimum period with useful coherence might be between a week and a month. Meyers [1982] found good agreement between island sea level and dynamic height in the western tropical Pacific on seasonal and interannual time scales. In summary, the relationship between island sea level and nearby dynamic height is still not well established, especially at periods of less than a month; but for longer periods, coherence is substantial. sin cot, respectively, and the asterisk denotes the complex conjugate.
Leakage
To explore the leakage problem as a function of record length, we have calculated MLR parameter responses as functions of forcing frequency for monthly data with record lengths 11, 12, 13, 15, 18, and 24 months (Figure 1 ). The forcing frequency was incremented from 0 to con = 6 cycles/yr in 0.1 cycle/yr steps. Since the trend is generally orthogonal only to the mean, leakage into other parameters depends strongly on whether the trend is included in the model. With short records, inclusion of the trend has a striking effect on the annual and semiannual harmonics. As expected, it reduces leakage to these harmonics from frequencies below annual.
For the 11-, 12-, and 13-month records, however, this reduction of low-frequency leakage is at the expense of greatly increased leakage from higher frequencies, especially near 3 cycles/yr. With record lengths of 15 months or longer, the MLR including the trend becomes reasonably well behaved. The trend responds mainly to interannual frequencies and causes only slight leakage from higher frequencies into the annual harmonic. Note, however, that inclusion of the trend increases the response to the biannual harmonic when the record is 2 years.
Most shipboard time series from the Hawaii-to-Tahiti Shuttle Experiment are 15 months or longer, so the trend may be safely included in the MLR analysis. The moored current meter time series are only 13.5 months long; leakage may be substantial in a seasonal model with trend included. It is not clear whether the benefit of the trend (reduced leakage from interannual frequencies) outweighs the disadvantage (increased leakage from higher frequencies).
Aliasing
Since aliasing is due to discrete, periodic sampling, we would expect it to be reduced by irregular sampling 
MONTE CARLO EXPERIMENTS
The MLR method of curve fitting includes convenient estimates of uncertainty in the parameters (see the appendix). These estimates are based on assumptions about the model and the data which may not be valid. An alternative way of estimating parameter uncertainty is to perform Monte Carlo experiments in which either the sampling or the data set is varied randomly while parameter statistics are collected. This procedure requires a statistical model of either the data set or the sampling scheme. We choose the latter approach, as we are interested here in how well the shuttle sampling allows us to determine model parameters during the shuttle time interval, not in how well those parameters characterize conditions during a longer interval.
A Statistical Sampling Model
Any time series generated by sampling a continuous function of time during a particular interval can be considered as a member of an ensemble of possible outcomes of a random process. The sampling process of principal interest here will be referred to as "jittery"; consecutive sample times are independent random variables within successive evenly spaced intervals of uniform length. (This is the "jittered periodic" scheme of Shapiro and Silverman [1960] .) The sampling method can Each g• is an independent random variable with uniform probability density in the interval -L/2 < gi < L/2 and zero probability density elsewhere. (This distribution is chosen more for mathematical convenience than for realism.) If L = Az, then the entire domain may be sampled; otherwise, there will be portions of it between segments and at the ends that will be neglected. Jittery sampling models manual data collection, such as the hydrographic and current profile measurements of the NORPAX shuttle. (Shipboard meteorological observations are typically made at fixed times, so sampling is periodic rather than jittery.) Although an attempt may be made to plan a series of identical cruises of equal length with evenly spaced starting times, vagaries of weather, logistics, and scientific interest will inevitably disturb the schedule.
Experiments
To determine realistic confidence limits for MLR parameters calculated from the shuttle data sets, we have performed a set of Monte Carlo experiments with the jittery sampling scheme. For each data set the record length was held constant at 406 days (13.5 months, the length of the MCM record) while the number of samples varied, taking the arbitrary values 8, 12, 18, 27, 40, and 60. All results given here are for L = At; the entire record was sampled. Gaps in the data were filled with the nearest data point. Each ensemble contained 100 realizations of the subsampling process. Experiments with up to 800 realizations showed that a sample of 100 is more than adequate for stable statistics.
We define the "correct" value of a parameter to be the limit as the number of evenly distributed samples becomes infinite within the time interval of interest. In practice, we use the parameter calculated from daily mean data as our standard.
The difference between this standard and the Monte Carlo mean for a given sampling process is the bias.
For each parameter the rms bias calculated from all data sets and sampling schemes was 15-20% of the standard deviation. Hence the standard deviation of the parameter is the main source of uncertainty in any given MLR calculation; a 20% bias increases the rms error by only 2%. Dynamic height at depths other than the surface also might require different sampling rates, which we cannot determine from sea level data.
Results
Results from the
The general conclusion that we now draw regarding the Hawaii-to-Tahiti Shuttle Experiment is that the attempt to resolve zonal variability failed. On each of the three longitudes there were 11 or 12 samples during the 406-day interval used for the Monte Carlo experiments, for an average sampling interval of just over a month. Combining all three longitudes puts 35 samples in the same interval, for a 12-day average sampling interval. Monthly sampling was rarely adequate for defining a mean, much less the trend or annual cycle, whereas weekly to biweekly sampling was sufficient for many, though not all, of the variables.
DISCUSSION
Comparison of the experimentally determined parameter standard deviations to the MLR standard error estimates (Figures 4-8) shows the latter to be biased high, in some cases by more than a factor of 2. The bias tends to increase with the number of samples. Now we will show how this can be understood as a result of lack of fit in the MLR model. The first zero crossing of the (sin x)/x factor in (A10) and (A11) is at co = 2•t/L, which is twice the Nyquist frequency. At the Nyquist frequency, (sin x)/x = 0.637; so significant energy goes into both the segment mean and the deviation. At about 1.6 times the Nyquist frequency, (sin x)/x is 0.21, a value that is not exceeded at any higher frequency. It may be taken as the highest frequency at which significant variance goes into the segment means.
To apply MLR theory to the
